The effect on enterotoxicity of protease purified from Vibrio cholerae O1 was investigated by the inoculation of live vibrio cells into the protease-treated loops of the ileal loop model. Fluid accumulation ratios in the protease-treated loops were elevated in a dose-dependent manner by challenge with live vibrio cells but not by that with toxin. An enhancement effect of protease on enterotoxicity was observed in both serotypes of V. cholerae O1 and V. cholerae non-O1. It is suggested, therefore, that the enterotoxicity was enhanced by treatment with protease when live vibrio cells were inoculated into the ileal loops of rabbits.
Introduction
Extracellular proteases are thought to play an important role in the pathogenesis of diarrheal disease caused by Vibrio cholerae. Protease-deficient mutants are known to be less virulent [1] . Young and Broadbent reported the purification of three types of protease from V. cholerae O1: phenylmethylsulfonyl fluoride inhibitable type 1, metalloprotease and serine protease inhibitor resistant type II, and EDTA inhibitable type III [2] . Booth et al. [3, 4] reported that soluble HA/protease is a metalloenzyme that can be inhibited by a variety of chelating agents and inhibitors of zinc * Corresponding author. metalloprotease, and that it nicks cholera enterotoxin. It was also reported by Finkelstein et al. [5] that a soluble zinc-and calcium-dependent protease from V. cholerae O1 causes hemagglutination, hydrolyzes mucin and cleaves and degenerates lactoferrin and secretary IgA. Crowther et al. [6] demonstrated that a metalloprotease in V. cholerae culture filtrates identical to that described previously by Booth et al. [3] enhanced the activity of cholera enterotoxin in intestinal loops by eroding the protective layer of the epithelial mucous. The digestion of the mucosal layer by protease may facilitate bacterial intestinal colonization, which is an initial step for infection, and thereby result in the enhancement of virulence. In this study, we investigate the effect of protease purified from V. cholerae especially 266 a Strains used as low protease producers. b Strains used in the ileal loop test (Table 2) . Parentheses indicate the diameter of the clearing zone.
on enterotoxicity by inoculation of live vibrios into the protease-treated loops.
Materials and Methods

Bacterial strains
The strains of V. cholerae used in the experiment are listed in Table 1 . Protease activity of strains of V. cholerae was checked by a single-diffusion technique in agar gel (0.75%) containing skim milk (1.5%) as a substrate as previously described [7] . A total of 40 strains of V. cholerae were cultured in tryptic soy broth with shaking at 30°C for 20 h. Culture supernatant (20 /zl) obtained after centrifugation (40000 × g, 20 min) was added to wells 3.5 mm in diameter, and the plates were incubated for 12 h at 37°C. Zones of clearing were measured. The mean diameter of the clearing zone was 6.95 + 2.66 mm (standard deviation). The strains which showed less than 4.0 mm (diameter) of clearing zone were categorized as low protease-producing strains. For the ileal loop test, a bacterial culture adjusted to 107 was inoculated.
Toxins
Cholera toxin was purchased from the Chemo-Sero-Therapeutic Research Institute (Kumamoto, Japan). E1 Tor hemolysin was purified as previously described [8] .
Purification of protease from Vibrio cholerae 01
Protease was purified from V. cholerae O1, serotype Ogawa, biotype El Tor (K23) isolated in Kenya in 1983. Bacteria were cultured in 1 1 of heart infusion broth with shaking at 37°C for 36 h. Culture supernatants were mixed with 1/20 volume of 0.5 M phosphate buffer (pH 7.0) (PB) and fractionated with ammonium sulfate. The 20-60% ammonium sulfate-insoluble materials were suspended in 25 mM PB and dialyzed against the same buffer. Dialysates were centrifuged at 100000 xg for 1 h and the supernatant was applied to a Biogel A5m column and a TSK gel G-3000 SW column on HPLC as described previously [9] . Fractions with protease activity, which showed a single peak with HPLC, were used as purified protease. Protease was assayed by a single agar diffusion technique in agar gel containing 1.5% skim milk as the substrate. Reversed passive latex agglutination test (RPLA) was applied for the detection of cholera toxin and E1 Tor hemolysin in the purified protease as previously described ([10,11] respectively). The limit of detection for cholera toxin and El Tor hemolysin was about 1 ng ml-t.
Ileal loop test in adult rabbits
The ligated intestinal loop test (De test) was carried out according to the method described by De and Chatterjee [12] . Japanese white rabbits (weight 2.0-2.5 kg) were starved for 48 h, but had free access to water. The rabbits were anesthetized with sodium pentobarbital, and a laparotomy was done. Immediately after ligation, the loops were injected with 3 or 30 protease units (PU; see Results and Discussion) of purified protease in 5 ml of phosphate buffer (pH 7.0) and the abdomen was closed. After incubation for 1 h, the abdomen was reopened and the injected protease solution was removed with a syringe. The bacterial suspensions were inoculated into each loop after a single washing with 5 ml of PBS.
Bacterial suspensions of five strains of V. cholerae which are low protease producers were inoculated into the protease-treated loops and non-treated loops as controls. Cholera toxin (1/~g, 0.1 /zg) and El Tor hemolysin (100/zg) were injected into the protease-treated and control loops in the same manner. The animals were killed with sodium pentobarbital 8 h after inoculation and the abdomen was reopened. The loops were taken out, and the length of each loop and the volume of the accumulated fluid were measured. The extent of fluid accumulation (FA) was expressed by the FA ratio: the volume (in ml) of accumulated fluid per length (in cm) of the loop. Meanwhile, the effect of protease on enterotoxicity was investigated using ten strains of both biotypes of V. cholerae O1 and those of V. cholerae non-O1. Four strains of V. cholerae O1 biotype classical, four strains of biotype E1 Tor and two strains of V. cholerae non-O1 were applied to the ileal loops treated with 30 PU of protease.
Electron microscopy
For electron microscopy, the resected rabbit ileal loops were opened in a normal saline solution. The pieces of intestine were washed with normal saline solution and fixed with 2% glutaraldehyde in phosphate-buffered saline (10 mM, pH 7.0). The samples were post-fixed with 2% osmium tetroxide solution. The samples were then replaced into iso-amyl acetate overnight after dehydration with an alcohol series, dried by a critical point drying method and coated with platinum-palladium.
SDS-polyacrylamide gel electrophoresis and Western blotting
SDS-PAGE in 0.1% SDS was carried out as described previously [13] in 15% polyacrylamide gel. Immunological detection of antigen in SDS-PAGE was carried out by the method described by Towbin et al. [14] . Rabbit anti-protease antiserum was obtained by subcutaneous injection of 100/zg of the purified protease into the footpads in three doses, one with an equal volume of complete Freund's adjuvant (Difco) and the others with an equal volume of incomplete adjuvant (Difeo), at 4-week intervals. Serum was taken 7 days after the third-injection.
267
Statistics
Statistical analysis was performed using the Wilcoxon signed rank test.
Results and Discussion
Protease was purified as described in Materials and Methods. The M e value of the purified protease was estimated to be 32000 on the basis of its motility on SDS-PAGE (Fig. 1) . The purified protease was biochemically and physicochemically identical to HA/protease, as previously reported by Booth et al. [3] and Honda et al. [7] . The hemagglutinin activity of purified protease, however, was not detected as previously reported [15] . One protease unit (PU) was defined as the smallest dose needed to digest 50% of 0.5 mg of the substrate in 1 h of incubation [16] . Specific activity of the purified protease was 0.62 PU tzg -~. Cholera toxin and El Tor hemolysin were not detected in the purified protease.
The FA ratios in the protease-treated loops with live vibrio cells were elevated dose-dependently as compared with controls. Although the difference between mean FA ratio in the loops treated with 3 PU and live vibrio ceils and that of controls was not statistically significant, the dif- ferences between mean FA ratio in the loops treated with 30 PU of protease and live vibrio cells and that of controls and between means of FA ratio in two protease-treated groups were statistically significant (P < 0.01 and P < 0.05, respectively) (Fig. 2) . The loops treated with protease alone did not exhibit any fluid accumulation 8 h after inoculation. It is suggested that the treatment with protease in the intestine enhanced the enterotoxicity when live vibrio cells were inoculated. In this experiment, low protease-producing strains of V. cholerae were used because the treatment of loops with protease might not be reflected in FA ratios when high protease-producing strains are used. Rabbits were reopened 8 h after inoculation, because the colonization of vibrios on the epithelial cells was expected to be complete 8 h after inoculation [17] , while fluid accumulation in the loops would reach a maximum level several hours after that time. Figure 3 shows scanning elecronmicroscopy of the surface of resected rabbit intestine treated with protease and with PBS as a control. The epithelial cells were covered with a thick mucosal layer in the non-treated loop of the intestine, whereas the mucosal layer was digested by pro- Table 2 The tease and the tips of microvilli were exposed to the free lumen of the intestine in the proteasetreated loop. Interestingly, it seemed that the interspaces between the epithelial cells were widened in the protease-treated loop, although those in the non-treated loop were intact. There is little possibility that these widened interspaces in the protease-treated loops were an artifact produced in the course of preparation, because the same finding was observed in the experiments carried out repeatedly. It is likely that protease not only digests the mucosal layer of the epithelial surface of the intestine but also affects the tight junction of epithelial ceils. This morphological change is similar to that reported with Zot (Zonula occludens toxin) [18].
We are not sure at this moment if the morphological change induced by protease and Zot is identical or not, since no information is available about effect of purified Zot preparation until now. Means of FA ratios in the protease-treated loops and control loops after inoculation with V. cholerae O1, biotype classical, El Tor and non-O1 are summarized in Table 2 . FA ratios in the protease-treated loops were higher than those in the non-treated loops in both V. cholerae O1 and non-O1. The difference between mean FA ratios in the protease-treated and control loops was statistically significant (P < 0.01).
The protease-treated loops and control loops were then challenged with cholera toxin (1 /zg, 0.1 ~g) and El Tor hemolysin (100/xg) to determine whether or not the treatment with protease affects their enterotoxicity. The difference of mean FA ratio between protease-treated and control loops was not statistically significant ( Table 3 ). Any enhancement effect of protease on enterotoxicity was not observed by the challenge with toxins. This result suggests that the cholera toxin and E1 Tor hemolysin used in this experiment were nicked or mature forms of toxin [19] that would not need further activation by protease. On the other hand, four high protease-producing strains of V. cholerae were used in the ileal loop test with and without the presence of 50 mM ophenanthroline, which inhibits the purified protease. The FA ratios in loops with o-phenanthroline were significantly lower than those in loops without o-phenanthroline (data not shown).
In conclusion, these results demonstrate that treatment of the intestine with protease enhanced the enterotoxicity and the degradation of the mucosal layer as observed under EM, not by challenge with toxin but by challenge with live vibrio cells. It is suggested, therefore, that degradation of the protective epithelial mucosal layer by the protease from vibrios may facilitate the colonization of vibrio cells on the epithelial cell surface and, consequently, allow enterotoxic factors such as cholera toxin to increase access to their receptors.
